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MicroRNAs have been suggested as essential hypertension
biomarkers, but evidence remains inconclusive due to
limited high-throughput studies in population cohorts.
We analyzed data from the Young Finns Study (YFS) from
2011 and 2018–2020 to assess cross-sectional and
prospective associations between circulatory microRNAs,
blood pressure (BP), and hypertension. Hypertension risk
prediction potential was assessed using nested logistic and
Weibull survival models; model performance was evaluated
with likelihood ratio (LR) test and c-statistic. All models
were adjusted with relevant risk factors.
In 2011, whole blood microRNAs were profiled for 871
individuals (83 with hypertension); in 2018–2020, 760 were
re-examined, with 67 newly diagnosed. Cross-sectionally, 16
miRNAs correlated with BP (Spearman, PFDR<0.05); miR-
122–5p (fold change = 1.33) and miR-144–5p (fold change
= -1.10) differentiated hypertensive individuals (U test, PFDR<
0.05). Associations persisted in adjusted regression models
and some replicated in LURIC (n=999) and YFS serum data
(n=126). Prospectively, miR-19a-3p [odds ratio (OR)=1.51,
95% confidence interval (95% CI): 1.14–2.18], miR-19b-3p
(OR=1.50, 95% CI:1.11–2.04), and miR-329–3p (OR=0.58,
95% CI: 0.39–0.74) levels prognosed hypertension incident.
miR-329–3p improved model fit (LR test, P=2.85�10–4) and
discrimination (c-statistic=0.849, D=0.026). miR-19b-3p
predicted time to onset (hazard ratio=2.13, 95% CI: 1.38–
4.45), improving model fit (LR test, P=0.0012) and time-
dependent discrimination at 7 and 8-year horizons.
Our findings highlight both novel and previously reported
miRNAs associating with BP and hypertension and suggest
that miR-329–3p, miR-19a-3p, and miR-19b-3p as
promising candidates for further investigation in
hypertension risk prediction.
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Abbreviations: ALT, Alanine aminotransferase; AUC, Area
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discovery rate (referring to multiple testing correction); LR
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test, Likelihood Ratio test; LURIC, Ludwigshafen Risk and
Cardiovascular Health; MAP, Mean Arterial Pressure;
miRNA, microRNA; NAFLD, Non-alcoholic Fatty Liver
Disease; OR, Odds Ratio; ROC, SBP, systolic BP, Receiver
Operatinc Characteristics; T1D, Type 1 Diabetes; T2D, Type
2 Diabetes; TC, Total Cholesterol; VSMC, Vascular Smooth
Muscle Cell; YFS, Young Finns Study
INTRODUCTION
E
ssential hypertension is a condition characterized by
persistently high blood pressure with no identifiable
secondary cause, affecting over a billion people

globally [1]. Despite its concerning prevalence, only 31–
77% of people with hypertension are aware of their condi-
tion, and just 9–43% have it medically controlled [2]. Thus,
DOI:10.1097/HJH.0000000000004272
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hypertension remains a leading, yet often preventable, risk
factor for cardiovascular and renal diseases, contributing to
approximately 8.5 million deaths annually [2,3].

Hypertension is a multifactorial disease, caused by a
combination of environmental factors, aging, and genetic
predisposition. Its pathophysiology is heterogenous as it
involves a complex interaction between neural, renal, and
humoral systems regulating blood pressure (BP) [4]. This
complexity is underscored in the variable therapeutic re-
sponse to antihypertensive agents, with the majority of
hypertension patients (about 70%) requiring combination
therapy to achieve BP control [5,6]. Our understanding of
hypertension development remains incomplete and one
potential avenue for its improvement, as well as early
diagnosis and treatment of hypertension, is the identifica-
tion and use of biomarkers.

MicroRNAs (miRNAs) are short, approximately 22
nucleotides long, single-stranded noncoding RNAs, func-
tioning as regulators of gene expression at the posttran-
scriptional level [7]. It has been extrapolated that the human
genome encodes for 2300 miRNAs [8]. They exhibit distinct
profiles across various cell types and tissues and mediate
cell-to-cell communication when released into circulation
[9]. In pathological conditions, circulatory miRNA profiles
undergo substantial change [10–12], which makes them
potential biomarker candidates with biological relevance
and convenient physicochemical properties [13,14].

MicroRNAs target genes involved inBP regulation, includ-
ing those associated with sympathetic and endothelial sig-
naling, oxidative stress, and hypertension risk genes [15].
Experimental evidence shows that transferring exosomes
from hypertensive to normotensive rats raises BP and pro-
motes subsequent vascular pro-atherogenic changes [16].
Targeted associational studies also connect specific circula-
tory miRNAs involved in vascular remodeling, endothelial
dysfunction, and atherosclerosis development with hyper-
tension [17], particularly miR-21 [18], miR-30 family [19–21],
miR-34a [22,23], miR-92a [24–26], miR-126 [20,22,27], miR-
143/145 cluster [27,28], and let-7 family [29–32].

However, it is unclear whether miRNAs could serve as
reliable biomarkers for hypertension, as findings from
associational studies evaluating the association between
the circulatory miRNAs and hypertension often yield incon-
sistent findings. These inconsistencies are likely due to
variations in blood sample types, small sample sizes (n<
100), differences between focused and unbiased miRNA
profiling, as well as variations in miRNA profiling method-
ologies [17]. Additionally, most documented associations
between circulatory miRNAs and hypertension have been
identified through cross-sectional studies in patient-based
cohorts, which limits their ability to establish miRNA rele-
vance in the early stages of the disease and the generaliz-
ability of the findings.

In the present study, we utilized the longitudinal Young
Finns Study (YFS) cohort to explore miRNAs associated
with BP and hypertension in cross-sectional and prospec-
tive settings. Our primary focus was to identify miRNAs
with the potential to enhance the hypertension prediction
value beyond traditional risk factors and thewell validated
Framingham Heart Study (FHS) hypertension risk model
[33–35].
812 www.jhypertension.com
MATERIALS AND METHODS

Study cohorts
The Young Finns Study (YFS) [36] is an ongoing prospective
follow-up study intended to study cardiovascular disease
(CVD) risk determinants originating in childhood and youth.
The baseline study, conducted in 1980, included six age
groups, totaling 3596 participants aged three to 18years.
Starting from 1980, the individuals were followed up at
three-year intervals until 1992, then again in 2001, 2007,
2011, and 2018–2020. The data utilized in this study origi-
nates from the 2011 and 2018–2020 follow-ups. In 2011,
participants were aged 37–49years, with 50%beingwomen.

MicroRNA profiles were analyzed from 871 randomly
selected whole blood samples collected during the
2011 follow-up. This miRNA data was used to investigate
both cross-sectional associations between HT and BP,
and prospective associations with HT from the 2018–
2020 follow-up. Of the individuals with 2011 miRNA
profiling, 760 participated in 2018–2020 follow-up
(12.7% drop out rate). Additionally, among 145 individ-
uals, serum miRNA profiling was conducted in addition
to whole blood profiling. The serum miRNA data served
as replication for the cross-sectional whole blood data-
based findings.

The Ludwigshafen Risk and Cardiovascular Health
(LURIC) [37] is a patient cohort investigation that includes
individuals with and without CVD at its baseline, compris-
ing of individuals who were hospitalized between June
1997 and May 2001 for coronary artery disease (CAD)
investigation. In our study, we are focusing on subset of
LURIC participants (n=999) randomly selected for plasma
miRNA profiling. The subset age range spans from 49 to 71
years, with men constituting 69% of the group. We used the
LURIC phenotypic and miRNA profiling data to replicate
cross-sectional YFS-based findings.
Ethical statements
YFS and LURIC data have been collected following the
Helsinki Declaration requiring written informed consent
from the study participants. The YFS was approved by the
first ethical committee of the Hospital District of Southwest
Finland and by local ethical committees [36]. The LURIC
study was approved by the ethics review committee at the
Landes€arztekammer Rheinland-Pfalz in Mainz, Germany
(LURIC,#83725597 (1394)) [37].
Hypertension diagnosis, blood pressure, and
covariate measurements
BP measurements for YFS and LURIC participants were
obtained in-office using automatic BP monitors. In YFS,
BP was measured in a sitting position with 5-min intervals
between each of the three readings, and the average SBP and
DBPswereused for the analysis. In LURIC, theaverageof five
BP readings measured at least 30s apart was used in the
analysis. According to the European Society of Cardiology
guidelines [38], participants were classified as hypertensive
if their SBP was greater than 140mmHg or DBP greater
than 90mmHg. Participants were considered as having hy-
pertension diagnosis if they self-reported being diagnosed
Volume 44 � Number 5 � May 2026
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with the condition or were prescribed corresponding medi-
cation.

For the statistical analyses, comprehensive covariate data
from the YFS and LURIC were utilized. These included sex,
age, BMI and enzymatically measured serum total choles-
terol (TC), and alanine aminotransferase (ALT). Covariates
also encompassed steatotic liver disease measured via
ultrasound, type 2 diabetes (T2D), as well as questionnaire
data on alcohol consumption, smoking habits, work-related
stress, and parental hypertension. Details on covariate
measurements are provided in Supplementary methods,
http://links.lww.com/HJH/C926.

Whole blood and serum miRNA profiling in
Young Finns Study
In the YFS, RNA isolation and quality control for whole
blood and serum were performed as described previously
[39,40]. Both whole blood and serum samples from the 2011
follow-up underwent miRNA expression profiling with the
TaqManTM OpenArrayTM MicroRNA Panel (Life Technolo-
gies) containing 758 miRNA probes. The panel’s function-
ality was validated previously [41].

For the whole blood miRNA expression data, primary
analysis was performed with Expression Suite Software
version 1.0.1, accepting assays with Amplification score
more than 1 and Cq Confidence more than 0.7. Profiling
was successful on 871 whole blood samples for 243 miR-
NAs. Batch effects were corrected by adjusting the data with
the first ten principal components. Serum data QC followed
the same criteria, with successful profiling of 145 serum
samples and 160miRNA species. Batch correction was done
with ComBat [42].

Fold change of miRNA expression was determined using
the DDCt method. In whole blood, change in threshold
cycle (DCt) was calculated by subtracting the Ct values of
reference genes (RNU6, RNU44, and RNU48), while serum
data underwent global mean normalization and between-
sample normalization using the quantile normalization
method in R [43].

Plasma miRNA expression profiling in LURIC
In LURIC, plasma isolation was conducted within 15–20
min postsample collection, utilizing centrifugation and
citrate as an anticoagulant treatment. MicroRNA isolation,
quality control, and expression profiling were performed
by Hummingbird Diagnostic (formerly CBC) using an Agi-
lent microarray (Agilent Technologies) containing 2539
miRNA probes. The analysis followed standard protocol
and data preprocessing was done with AgiMicroRna Bio-
conductor packages in R. Plasma miRNA expression data
was quantile normalized, and 269 miRNAs expressed in at
least 75% of the samples were retained for further analysis.
The remaining miRNA expression values underwent log2
transformation. After quality control filtering, profiling was
successful 999 plasma samples.

Genome-wide expression analysis
In YFS, the gene expression levels from 2011 YFS follow-up
whole blood samples were analyzed with the Illumina
HumanHT-12 version 4 Expression BeadChip (Illumina
Journal of Hypertension
Inc.). Raw illumina probe datawas exported fromBeadstudio
and processed with R. Data processing is described in more
detail elsewhere [44]. The expression analysis was successful
in 743 of the 871 samples with miRNA expression profiles.

Statistical analysis

Cross-sectional analysis
Flow chart of statistical analysis is depicted in Fig. 1. In
whole blood 2011 YFS data, miRNAs significantly correlat-
ing with BP underwent further assessment using two linear
regression models with dependent variables being SBP or
DBP. Model 1 was adjusted for age, sex, and BMI, while
fully adjustedModel 2 additionally included smoking status,
alcohol usage, ultrasound-defined steatotic liver disease,
work-related stress, T2D, and TC. Differences in miRNA
profiles between hypertensive and normotensive individu-
als, and those diagnosed and nondiagnosed with hyper-
tension, were assessed using the two-tailed Mann-Whitney
U test. Significant miRNAs were further evaluated for their
association with hypertension with two logistic regression
models, adjusted with the same covariates as the linear
regression models. To account for the use of BP-lowering
medication, 15 and 10mmHg were added to SBP and DBP
values, respectively [45].

BP and hypertension associations in whole blood were
re-evaluated separately for men, women, and normoten-
sive individuals using the samemethodologies. To replicate
the findings from the YFS 2011 whole blood data, the same
analyses were also performed for YFS 2011 serum and
LURIC plasma miRNA data. The linear and logistic regres-
sion models were adjusted with similar covariates.

All statistical tests were done in R [46]. False discovery
rate (FDR) correctionwas applied for Mann-Whitney U-tests
and Spearman correlations conducted on whole blood
miRNA data, with PFDR less than 0.05 considered significant.
In the replication and stratified analysis, the Mann-Whitney
U-tests and Spearman correlations were considered signifi-
cant if the nominal P value was less than 0.05. In linear and
logistic models, P value less than 0.05 was considered
significant. The reported b coefficients are standardized.
To ensure data comparability and normality, miRNA pro-
files were reverse normalized, and nonnormal regression
model covariates were log-transformed. Linear and logistic
regression analyses were assessed for the assumption of
residual or logit normality.

Prospective analysis
We evaluated the ability of miRNAs to predict HT diagnosed
during period between the 2011 and 2018–2020 YFS fol-
low-up among participants without HT diagnosis at base-
line (2011). Candidate miRNAs for risk prediction analysis
were those that cross-sectionally associated with BP or
hypertension diagnosis at baseline (significant correlation
for at least one BP parameter, PFDR<0.05) and differentiat-
ed individuals with and without hypertension in 2018–2020
according to a Mann-Whitney U-test (PFDR<0.05).

Risk prediction analyses were conducted using logistic
and Weibull regression in nested models, where two mod-
els with andwithout inclusion of the candidatemiRNAwere
www.jhypertension.com 813
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FIGURE 1 Study flow chart. Boxes with dotted outline represent cross-sectional analyses and ones with dashed outline represent prospective analysis.
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compared (miRNA model vs. base model). For logistic
regression the base model included age, sex, BMI, T2D,
TC, steatotic liver disease, work-related stress, tobacco and
alcohol usage, as well as mean arterial pressure (MAP, 1/
3�SBP+2/3�DBP). Weibull survival model was based on
FHS HT risk prediction model that was refitted to YFS data
and included sex, BMI, smoking, SBP and DBP, parental
hypertension, and interaction term between DBP and age
[34].
814 www.jhypertension.com
A miRNA was considered a significant risk predictor if it
remained significantly associated with HT onset or time to
onset after adjustment for covariates in the base model
(PFDR<0.05). Odds ratios (ORs), hazard ratios, and their
95% confidence interval (95% CI) were estimated using
1000 bootstrap replicates. Model fit improvement was
assessed by LR test comparing nested models. Discrimina-
tion for logistic regression models was assessed using the
area under receiver operating characteristics curve
Volume 44 � Number 5 � May 2026
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(AUROC) with pROC package [47]. For Weibull regression,
time-dependent c-statistics were evaluated for 7 and 8-year
horizons with timeROC package [48]. 95% CIs for the
AUROCs were computed with 1000 stratified bootstrap
replicates.

MicroRNA correlation with validated targets
Validated gene targets for miRNAs were sourced from the
2022 release of miRWalk [49]. Available targets from the YFS
2011 follow-up genome-wide expression data were corre-
lated using Spearman rank method. Both positive and
negative correlations were accepted, and gene targets were
considered significant if they exhibited correlation with
respective miRNA levels at a PFDR<0.05.

RESULTS

Demographics: Young Finns Study
The 2011 YFS follow-up with whole blood miRNA profiling
included individuals aged 37–49years, with 50% being
women. Among them, 83 were diagnosed with hyperten-
sion, with a higher prevalence in men (12.1%) compared to
women (8.1%). Participants with hypertension exhibited
higher BP than those without the diagnosis. However, 21%
of those without hypertension were hypertensive (SBP >
140mmHg or DBP > 90mmHg). Individuals with hyper-
tension had worse metabolic health than the rest of the
group, as summarized in Table S1, http://links.lww.com/
HJH/C927. Demographics for the smaller serum miRNA
profiling group (n=145) are summarized in Table S2,
http://links.lww.com/HJH/C927.

In the subsequent YFS 2018–2020 follow-up, 760 indi-
viduals from the 2011 whole blood subset participated.
Among them, 67 had hypertension diagnosis in 2011,
and 78 were newly diagnosed during the period between
follow-ups (mean duration 7.1�0.43years). Already in the
2011 follow-up, individuals who were later diagnosed with
HT were older and displayed worse metabolic health
compared to those without hypertension, with nearly
60% being hypertensive. By the 2018–2020 follow-up,
the overall population showed a trend of worsening meta-
bolic health, with those newly diagnosedwith hypertension
continuing to differ from those without hypertension (Table
S3, http://links.lww.com/HJH/C927).

Demographics: LURIC
The baseline subset of LURIC participants subjected to
miRNA profiling comprised a total of 999 individuals.
The ages of participants ranged from 49 to 71years, and
the majority were men (69%). HT diagnosis was highly
prevalent, with 90% of the subset being diagnosed with
hypertension. Demographics for the LURIC miRNA profil-
ing subset are summarized in Table S4, http://links.lww.
com/HJH/C927.

Whole blood miRNAs associate with blood
pressure in cross-sectional setting
As summarized in Table 1 and detailed in Tables S5 and S6,
http://links.lww.com/HJH/C927, four miRNAs significantly
correlated with both SBP and DBP, while 11 miRNAs
Journal of Hypertension
showed correlations specifically with either SBP or DBP.
All four miRNAs correlating with both BP parameters were
significantly associated with the SBP and DBP in regression
Model 1 (adjusted for sex, age, and BMI). In the fully
adjusted regression Model 2 (adjusted for sex, age, BMI,
smoking status, alcohol usage, steatotic liver disease, work-
related stress, T2D, and TC), miR-122–5p and -200c-3p
were significantly associated with both SBP and DBP, while
miR-183–3p was associated with SBP and miR-185–5p with
DBP.

Among the four miRNAs correlating with only SBP, miR-
19b-3p was significantly associated with SBP in Model 1,
while miR-150–5p with DBP in Model 2. Among the seven
miRNAs correlating with DBP alone, miR-142–3p associat-
ed with DBP in Model 1, while miR-20b, miR-144–5p, and
miR-363–3p remained significantly associated with DBP in
both models.

Most miRNAs that associated with BP parameters in all
individuals also demonstrated associations with BP in the
subset of normotensive individuals (Table S7, http://links.
lww.com/HJH/C927). In the sex-stratified analysis, miR-
122–5p, and miR-185–5p correlated with both SBP and
DBP in bothmen andwomen, with the association between
these miRNAs and BP remaining significant only for women
in Model 1 and in the fully adjusted Model 2. Levels of miR-
144–5p correlated significantly with DBP and were associ-
ated with DBP in both men and women in Model 1 and in
the fully adjusted regression Model 2 (Table S8, http://links.
lww.com/HJH/C927).

Distinguishing whole blood miRNA profiles in
individuals with and without hypertension
diagnosis, and between normotensive and
hypertensive groups
In the whole blood data, none of the profiled miRNAs could
differentiate individuals with hypertension diagnosis. How-
ever, when comparing normotensive and hypertensive
individuals (>140/90mmHg), miR-122–5p and miR-144–
5p exhibited differential expression in hypertensive indi-
viduals (Mann-Whitney U-test, FC=1.27, PFDR=0.0012, FC
=-1.08, pFDR= 0.035, respectively). In logistic regression
models, miR-122–5p was significantly associated with hy-
pertensive phenotype in Model 1 (OR=1.25, P=0.027),
whilemiR-144–5pwas significantly associatedwith hyperten-
sive phenotype in both Model 1 (OR=0.72, P=6.65�10–4)
and fully adjusted Model 2 (OR=0.66, P=1.33�10–4).

Replication of the cross-sectional whole blood
Young Finns Study findings with serum and
plasma miRNA profiles
The YFS 2011 serum and LURIC plasma analysis aimed to
replicate the associations between miRNAs and BP ob-
served in whole blood (Table 1). The full results of the
replication are represented in Tables S5 and S6, http://links.
lww.com/HJH/C927. None of the miRNAs associated with
BP in whole blood, replicated in both serum and LURIC
plasma. In YFS 2011 serum, miR-122–5p and miR-885–5p
correlated positively with both SBP and DBP, replicating
the whole blood findings. However, in Model 1 and the
fully adjusted Model 2, miR-122–5p lost significance while
www.jhypertension.com 815
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TABLE 1. Summary of whole blood miRNA associations with blood pressure and replication in serum and plasma

YFS 2011 WHOLE BLOOD YFS 2011 SERUM LURIC PLASMA

SBP DBP SBP DBP SBP DBP

n r/b P r/b P n r/b P r/b P n r/b P r/b P

miR-122-5p

Correlation 700 0.21 7.38�10–6* 0.22 1.75�10–6* 145 0.32 0.0057 0.36 5.70�10–4 Not significant

Model 1 698 0.08 0.018 0.11 8.00�10–4 144 0.08 0.327 0.17 0.029

Model 2 597 0.07 0.029 0.08 0.025 132 0.06 0.433 0.14 0.073

miR-885–5p

Correlation 865 0.11 0.022* 0.09 0.098* 145 0.38 2.51�10–4 0.41 2.74�10–5 NA

Model 1 862 0.02 0.534 0.04 0.177 144 0.11 0.154 0.22 0.004

Model 2 735 0 0.901 0.03 0.293 132 0.08 0.308 0.17 0.032

miR-18a-3p

Correlation 861 -0.07 0.359* -0.11 0.041* 142 -0.13 0.13 -0.18 0.03 NA

miR-185–5p

Correlation 868 -0.15 7.75�10–4* -0.17 4.38�10–5* Not significant 999 -0.1 9.17�10–4 -0.1 0.0039

Model 1 865 -0.08 0.0041 -0.1 3.48�10–4 999 -0 0.193 -0.1 0.082

Model 2 738 -0.05 0.079 -0.07 0.014 999 -0 0.175 -0.1 0.069

miR-19b-3p

Correlation 864 -0.12 0.021* -0.10 0.061* Not significant 999 -0.1 0.0042 -0.1 0.0012

Model 1 861 -0.08 0.0047 -0.05 0.087 999 -0.1 0.076 -0.1 0.016

Model 2 734 -0.05 0.082 -0.02 0.432 999 -0.1 0.111 -0.1 0.022

miR-223–3p

Correlation 861 -0.12 0.021* -0.04 0.596* Not significant 999 -0.1 0.0052 -0.1 0.0065

miR-423–5p

Correlation 811 -0.08 0.275* -0.12 0.017* Not significant 999 -0 0.66 -0.1 0.029

miR-150–5p

Correlation 859 -0.12 0.017* -0.07 0.319* Not significant Not significant

Model 1 856 -0.05 0.157 -0.09 0.843

Model 2 729 -0.06 0.027 -0.03 0.382

miR-144–5p

Correlation 860 -0.10 0.089* -0.14 0.0029* Not significant NA

Model 1 857 -0.05 0.076 -0.09 0.0014

Model 2 731 -0.07 0.018 -0.1 6.37�10–4

miR-142–3p

Correlation 863 -0.10 0.089* -0.13 0.0057* Not significant NA

Model 1 860 -0.02 0.506 -0.07 0.025

Model 2 734 -0.01 0.72 -0.04 0.13

miR-19a-3p

Correlation 851 -0.10 0.089* -0.11 0.029* Not significant NA

miR-363–3p

Correlation 854 0.10 0.089* 0.13 0.0043* NA NA

Model 1 851 0.05 0.083 0.1 8.76�10–4

Model 2 729 0.03 0.289 0.07 0.014

miR-183–3p

Correlation 852 0.15 0.0017* 0.14 0.0029* NA NA

Model 1 849 0.08 0.004 0.08 0.0068

Model 2 723 0.06 0.039 0.05 0.065

miR-200c-3p

Correlation 776 -0.12 0.022* -0.11 0.041* NA NA

Model 1 774 -0.07 0.015 -0.07 0.019

Model 2 664 -0.09 0.004 -0.09 0.0028

miR-20b

Correlation 849 -0.06 0.42* -0.11 0.041* NA NA

Model 1 846 -0.04 0.172 -0.07 0.015

Model 2 720 -0.03 0.355 -0.07 0.015

“Not significant” indicates no significant association between a miRNA and BP in correlation or linear regression analysis, while “NA” indicates that a miRNA is not available from the
respective data. Correlation r is obtained from Spearman rank correlation. Model 1 was adjusted for age, sex, and BMI. Model 2 is adjusted for age, sex, BMI, smoking status, alcohol
usage, ultrasound-identifiable steatotic liver disease, type 2 diabetes, total cholesterol, and blood pressure medication.
Table summarizes whole blood miRNAs that correlated with blood pressure after FDR-multiple testing correction, along with the replication of these associations in YFS 2011 serum and
LURIC plasma miRNA data. - FDR-corrected P-values are indicated with an asterisk (*). Linear regression analysis and replication correlation analyses are considered significant if P<0.05.
Only results from correlation analysis are shown if regression analysis did not yield significant results. The full result tables for correlation and regression analysis, including 95%
confidence intervals for r and standardized b coefficients, are provided in Tables S5 and S6, respectively.
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Prognostic potential of miRNAs in hypertension
miR-885–5p retained significance for DBP, which contrasts
with the whole blood data.

The negative correlation observed between miR-185–
5p, -19b-3p, -223–3p, and -423–5p and BP in whole blood
was replicated by LURIC plasma. While in the whole blood
data, miR-19b-3p was associated with only DBP, in LURIC
miR-19b-3p correlated with both BP parameters, with a
significant association with DBP in both Model 1 and the
fully adjusted Model 2. In LURIC, no miRNA differed be-
tween normotensive and hypertensive individuals.

Changes in miRNA profiles before the
hypertension diagnosis
We utilized whole bloodmiRNA profiling data from the YFS
2011 follow-up to investigate prospective differences in
miRNA profiles between individuals who were newly diag-
nosed with hypertension by the YFS 2018–2020 follow-up
and those who remained without hypertension diagnosis.
Among the 243 profiled whole blood miRNAs, miR-329–3p
was differentially expressed between these two groups,
with individuals who were newly diagnosed with hyper-
tension exhibiting lower miR-329–3p levels, as determined
by the Mann-Whitney U test with multiple testing correction
(FC=-1.24, PFDR=0.046).

Risk prediction potential of circulatory miRNA
profiles for hypertension diagnosis in a 6-to-9-
year period
We assessed the risk prediction potential of candidate
miRNAs using logistic regression and Weibull regression,
evaluating their association with hypertension status at
follow-up and the time to hypertension onset, accounting
for interval-censored follow-up data, respectively. The can-
didate miRNAs for prospective analysis were selected based
on their cross-sectional association with BP or hypertension
in the cross-sectional analysis of the YFS whole blood data
(Table 1) and miR-329–3p, the profiles of which differed
between those who became diagnosed with hypertension
and those who did not.

Of these 16 candidate miRNAs, miR-19a-3p, -19b-3p,
and -329–3p associated with diagnosed hypertension in
the period between follow-ups after multiple testing cor-
rection (PFDR<0.05, Table S9, http://links.lww.com/HJH/
TABLE 2. Model fit and discrimination improvement after miRNA inc

n OR (CI 95%) P

miR-329–3p

All 565 0.58 (0.39–0.74) 5.25�10–4

Men 233 0.49 (0.22–0.89) 0.0077

Women 332 0.62 (0.37–0.88) 0.021

miR-19a-3p

All 589 1.51 (1.14–2.18) 0.0047

Men 248 1.72 (1.16–3.06) 0.023

Women 341 1.27 (0.81–2.14) 0.23

miR-19b-3p

All 597 1.50 (1.11–2.04) 0.0069

Men 250 1.51 (0.96–3.04) 0.094

Women 347 1.44 (0.93–2.59) 0.071

Logistic regression analysis assessing the prognostic value of whole blood miRNAs for hypertens
and AUCmiRNA represent area under receiver operating characteristics (ROC) curves before and a
indicate whether miRNA inclusion significantly improved model fit.
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C927) and adjustment for age, sex, MAP, TC, steatotic liver
disease, T2D, stress, tobacco and alcohol usage (Table 2).
Inclusion of these miRNAs in the base model significantly
improved its fit (LR test P<0.05, Table 2). However, only
miR-329–3p improved the risk prediction performance
also by increasing AUC (Fig. 2). Both the association of
miR-329–3p with hypertension incidence and the im-
provement in AUROC were also observed in sex-stratified
analyses.

To evaluate time-to-event prediction, we refitted the FHS
hypertension risk model [34] to the YFS using Weibull
regression. The model included sex, age, SBP and DBP,
BMI, smoking, parental hypertension, and interaction be-
tween DBP and age. Among the candidate miRNAs, miR-
19b-3p remained statistically significant in the Weibull
model after multiple testing correction (PFDR=0.0092, Table
S10, http://links.lww.com/HJH/C927) with a hazard ratio of
1.46 (95% CI 1.15–2.00, PFDR=0.005), indicating an in-
creased risk of hypertension onset with higher miR-19b-
5p miRNA levels. Inclusion of miR-19b-3p in the Weibull
model significantly improved model fit (LR test, P=0.0012)
and enhanced discrimination performance at 7 and 8-year
time horizons, as measured by time-dependent c-statistics
(Fig. 3). In sex-stratified analysis, miR-19b-3p retained
statistical significance for men (n=250), with hazard ratio
2.13 (95% CI 1.38–4.45, P=5.97�10–5).
Identification of correlated miRNA target genes
and pathway analysis
We analyzed the correlation betweenmiR-19a-3p, miR-19b-
3p, and miR-329–3p levels and their validated target genes
expressed in whole blood. Among the validated targets,
only a positive correlation between miR-19b-3p and FYCO1
expression remained significant after FDR correction (r=
0.18, PFDR=3.6�10–4). The detailed findings, including
those significant with nominal P-values, are summarized
in Table S10, http://links.lww.com/HJH/C927.

DISCUSSION

To our knowledge, this is the first study using a large
longitudinal cohort to evaluate prospective associations
between high-throughput circulatory miRNA profiles and
orporation to the risk prediction model

AUCmiRNA (CI 95%) AUCbase (CI 95%) pLR

0.875 (0.835–0.912) 0.849 (0.795–0.896) 3.85�10–4

0.898 (0.824–0.950) 0.873 (0.792–0.940) 0.0051

0.865 (0.809–0.916) 0.844 (0.776–0.905) 0.021

0.852 (0.797–0.900) 0.844 (0.791–0.891) 0.0041

0.890 (0.823–0.948) 0.876 (0.802–0.939) 0.019

0.840 (0.777–0.899) 0.836 (0.768–8951) 0.23

0.854 (0.854–0.903) 0.846 (0.793–0.899) 0.0065

0.886 (0.815–0.947) 0.876 (0.797–0.939) 0.086

0.845 (0.784–0.904) 0.839 (0.770–0.899) 0.074

ion diagnosed during the period between 2011 and 2018–2020 YFS follow-ups. AUCbase

fter miRNA inclusion, indicating discrimination. Likelihood ratio test P-values (pLR)
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FIGURE 2 Receiver operation characteristics curves comparing logistic regression
models with and without miRNAs.

Kostiniuk et al.
hypertension diagnosis. We assessed the risk prediction
potential of circulatory miRNAs that showed cross-sectional
association with BP or had a prospective association with
hypertension diagnosis in YFS whole blood. We demon-
strate that circulatory miRNAs – specifically miR-19a-3p,
miR-19b-3p, and miR-329–3p – have a prospective associ-
ation with hypertension onset.

Regarding cross-sectional findings, in the whole blood
miRNomics of the YFS, we identified 15 miRNAs that were
significantly (PFDR<0.05) correlated with at least one BP
FIGURE 3 Time-dependent receiver operating characteristics (ROC) curves on improved d

818 www.jhypertension.com
parameter. Of these, nine remained significantly (P<0.05)
associated with BP after adjusting for sex, age, and BMI,
while seven retained significances after further adjustment
for smoking, alcohol usage, ultrasound-identifiable stea-
totic liver disease, work-related stress, T2D, TC, and BP
medication. Most of these associations were also significant
in normotensive individuals, suggesting they may have a
role in normal BP regulation. Despite differences in blood
sample types, three of the BP-associated miRNAs identified
in whole blood were also observed in serum, and four in
plasma (LURIC).

We did not observe significant (PFDR<0.05) cross-sec-
tional differences in whole blood miRNA levels between
individuals with and without an hypertension diagnosis,
which contrasts with previous studies that also used unbi-
ased miRNA profiling [17,19,21,25,30,50]. Specifically, the
population-based whole blood miRNomics study by Mat-
shazi et al.[19] – a study with a similar setting to ours –
reported significant differences between individuals diag-
nosed with HT prior to the study and those without an
hypertension diagnosis. Instead, we identified significant
differences between individuals with elevated BP and those
with normal BP, as defined by BP measurements taken
during the study visit, which are discussed later. However,
the miRNAs identified in our study were different from
those reported by Matshazi et al.[19], who also conducted a
similar comparison between screen-detected hypertensive
and normotensive individuals. This discrepancy may be
explained by the stricter multiple testing correction applied
in our study, the larger sample size, or the ethnic differences
between the study populations (white Europeans vs. eth-
nically diverse South-Africans).

Our results support previous findings of reduced miR-
150–5p and miR-200c-3p in hypertension, as both miRNAs
showed negative association with BP parameters [25,51].
These miRNAs are known to influence endothelial cells:
miR-200c impairs endothelial function, while miR-150,
iscrimination after miR-19b-3p addition at 7- and 8-year horizons.

Volume 44 � Number 5 � May 2026



Prognostic potential of miRNAs in hypertension
which is highly abundant in lymphocytes [52], is involved in
endothelial lineage specification and vasculogenesis [53].
Inflammatory conditions such as T1D, T2D, and chronic
psoriasis lead to elevatedmiR-200c within the vascular wall,
accompanied by a decrease in circulating levels [54–56].
Elevated miR-200c in the vascular wall contributes to en-
dothelial cell apoptosis, oxidative stress, and senescence, as
well as lower nitric oxide levels and impaired endothelium-
dependent vascular relaxation [55,57]. These mechanisms
are likely relevant to hypertension as well, given the role of
inflammation and oxidative stress in its pathophysiology
[58].

Whole blood associations between BP and miR-122–5p
and miR-885–5p were also observed in serum, with higher
whole blood levels of miR-122–5p distinguishing hyper-
tensive individuals from normotensives. Both miR-122–5p
and miR-885–5p are highly expressed in liver tissue, and
their circulatory levels have been previously linked to liver
enzyme levels and nonalcoholic fatty liver disease (NAFLD)
[17,39]. Given that NAFLD is a common comorbidity of
hypertension [59], there is a possibility that the associations
between miR-122 and miR-885 with BP could be confound-
ed by liver health. For instance, prior studies linking serum
and plasma miR-122 to hypertension did not account for
liver health, which may have contributed to the inconsistent
direction of association with hypertension reported in these
studies [60–62]. Nevertheless, our study found that the
independent positive associations between whole blood
miR-122–5p and BP, and serum miR-885–5p and BP,
remained significant even after adjusting for ultrasound-
detected liver steatosis, among other covariates. In addition
to liver, these miRNAs are also abundant in peripheral
blood mononuclear cells, which might suggest their liv-
er-independent function [63–65].

In addition to miR-122–5p, whole blood miR-144–5p
was downregulated in hypertensive individuals as well as
negatively associated with both DBP and SBP. The down-
regulation of miR-144 has been suggested as a general
indicator of pathologies and reduced overall health [66].
In a previous study, we also demonstrated that whole blood
miR-144–5p is reduced in individuals with impaired fasting
glucose and T2D [40]. However, whole blood miR-144–5p
negatively associated with both BP parameters and was
lower in hypertensive individuals, even after adjusting for
T2D, among other factors included in fully adjusted model.

Several whole blood miRNAs associated with BP in our
study, including miR-144–5p [67], miR-183–5p [68], miR-
185–5p [69–71], and miR-363–5p [72,73], have been mech-
anistically linked to either atheroprotective or atherogenic
roles in in vitro or in vivo, as well as to CVDs in population-
based studies.

Among miRNAs associated with incident hypertension,
miR-329–3p also provided additional prognostic value
beyond traditional hypertension risk factors and MAP. Its
expression was inversely associated with incident hyper-
tension, suggesting a potential protective role against future
hypertension. Notably, miR-329–3p showed no cross-sec-
tional associationwith BP, and its added predictive value on
top of MAP suggests it may influence hypertension risk
through alternative mechanisms that warrant further inves-
tigation. While most research on miR-329–3p is focused on
Journal of Hypertension
its role in cancer, available in-vitro and in-vivo evidence
suggests it may also be involved in angiogenesis and neo-
vascularization [74–76], and metabolic reprogramming as-
sociated with vascular remodeling in pulmonary HT [77].

miR-19a-3p and miR-19b-3p were associated with both
cross-sectional BP and incident hypertension. miR-19b-3p
also associated with time-to-onset of hypertension and
improved risk prediction performance at clinically relevant
time horizons in survival analysis. These results highlight
the potential of miR-19b-3p to identify individuals at risk for
hypertension and to predict when the disease is likely to
develop. While elevated levels of these miRNAs were
linked to future hypertension, they negatively correlated
with BP in whole blood and plasma, suggesting potential
short-term protective effects against elevated BP. However,
in the long-term, their higher levels in healthy individuals
were associated with an increased hypertension risk and, in
the case of miR-19b-3p, with a more rapid progression to
disease onset. The negative cross-sectional association with
BP contrasts with a recent study reporting a positive corre-
lation between plasma miR-19a-3p, miR-19b-3p, and BP,
particularly in obese individuals. However, the same study
also found that weight loss associated reduction in these
miRNAs correlated with decreased atherosclerotic CVD
risk, supporting the idea that elevated miR-19a-3p and
miR-19b-3p may be unfavorable to long-term cardiovascu-
lar health [78].

MicroRNAs miR-19a-3p and miR-19b-3p have been
linked to both atheroprotective and pro-atherosclerotic
roles, with mixed findings regarding their association with
CAD [79–85]. Elevated levels of miR-19b-3p have also been
observed in acute heart failure patients [86], and in-vivo
studies suggest that both miRNAs promote heart regenera-
tion [87] and have protective effects against hypertension-
induced cardiac hypertrophy [88]. Given that hypertension
often co-occurs with these CVDs, our findings of an inde-
pendent link between these miRNAs and future hyperten-
sion diagnosis in a middle-aged cohort suggest that they
may contribute to elevated CVD risk also through their
potential role in hypertension.

Our study has a notable advantage over similar research
due to its use of a large follow-up cohort and unbiased
miRNA profiling. The YFS data provides substantial statisti-
cal power to identify novel associations between miRNAs,
BP, and future hypertension diagnosis. To our knowledge,
this is the first study to evaluate prospective relationships
between nonpreselected miRNAs and future hypertension
diagnosis as well as their potential as risk biomarkers. There
are also limitations in our study. In prospective analysis,
modest number events relative to the number of predictors
and the use of Weibull survival regression that is based on
interval censored data may influence the stability of the
estimated coefficients and the model performance merits.
BP was measured in a single office visit, which may not
capture accurately long-term variations in BP, while hyper-
tension diagnosis relied on self-reported data, which can
underestimate true prevalence particularly for individuals
with stage 1 hypertension [89,90]. Our findings are also
based on miRNA measurement from a single time point,
which may not accurately reflect the long-term levels of
miRNA in circulation. The heterogeneous cell population of
www.jhypertension.com 819
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whole blood prevents determination of miRNA origin.
Utilizing whole blood mRNA data for the target analyses
did not reveal significant associations, likely because the
main function of the miRNAs is carried out in other tissues.
Lastly, while some cross-sectional findings in whole blood
were replicated in YFS 2011 serum replicate and plasma of
LURIC participants, cross-sample comparison is con-
strained by differences in miRNA pool diversity, profiling
platforms, and normalization techniques [17,91]. Thus, our
cross-sectional and prospective findings are exploratory
and require validation in independent cohorts.

To conclude, this exploratory population-based study of
middle-aged adults uncovered novel associations between
miRNAs, hypertension, and BP, while also replicating pre-
vious findings. We identified several miRNAs being associ-
ated with BP, even among normotensive individuals,
suggesting their potential role in BP regulation. We also
identified miRNAs that are dysregulated in individuals with
high BP, specifically miR-122–5p and miR-144–5p. Given
the significant continuous associations between miRNAs
and BP, along with variations in miRNA levels based on BP
thresholds rather than hypertension diagnosis, our findings
suggest that miRNA levels may reflect ongoing BP levels
rather than a fixed disease state. Most importantly, we
identified that miR-19a-3p, miR-19b-3p, and miR-329–3p
associated with incident hypertension. Specifically, miR-
329–3p appeared protective and added risk prediction
value beyond traditional risk factors, while miR-19b-3p
was also associated with time-to-onset, contributing im-
proved predictive performance at clinically relevant 7 and
8-year time horizons. These findings provide a basis for
further research to clarify the role of miRNAs in BP regula-
tion and hypertension development, as well as potential for
hypertension risk assessment.
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